The oscillatory Min system of Escherichia coli defines the cell division plane by regulating the site of FtsZ-ring formation and represents one of the best-understood examples of emergent protein selforganization in nature. The oscillatory patterns of the Min-system proteins MinC, MinD and MinE (MinCDE) are strongly dependent on the geometry of membranes they bind. Complex internal membranes within cyanobacteria could disrupt this selforganization by sterically occluding or sequestering MinCDE from the plasma membrane. Here, it was shown that the Min system in the cyanobacterium Synechococcus elongatus PCC 7942 oscillates from pole-to-pole despite the potential spatial constraints imposed by their extensive thylakoid network. Moreover, reaction-diffusion simulations predict robust oscillations in modeled cyanobacterial cells provided that thylakoid network permeability is maintained to facilitate diffusion, and suggest that Min proteins require preferential affinity for the plasma membrane over thylakoids to correctly position the FtsZ ring. Interestingly, in addition to oscillating, MinC exhibits a midcell localization dependent on MinD and the DivIVA-like protein Cdv3, indicating that two distinct pools of MinC are coordinated in S. elongatus. Our results provide the first direct evidence for Min oscillation outside of E. coli and have broader implications for Min-system function in bacteria and organelles with internal membrane systems.
Introduction
In most bacteria, the tubulin-like protein FtsZ assembles into a ring-like structure, called the Z ring, at the plasma membrane of the midcell to define the division plane (Bi and Lutkenhaus, 1991) . The Z ring also functions as a scaffold for numerous downstream divisome proteins; therefore, proper Z-ring positioning is crucial for the generation of equivalent daughter cells (Lutkenhaus, 2007) . In the gram-positive Bacillus subtilis and gram-negative Escherichia coli, two systems work in concert to negatively regulate the site of Z-ring assembly: nucleoid occlusion, which inhibits Z-ring assembly over unsegregated nucleoids undergoing replication at midcell, and the Min system, which inhibits Z-ring assembly at the poles of the cell to prevent the formation of chromosomeless minicells (Adams and Errington, 2009; Hajduk et al., 2016) . The Min system restricts self-assembly of FtsZ polymers to the midcell by positioning MinC, the direct inhibitor of FtsZ assembly, toward cell poles (Rowlett and Margolin, 2013) . MinC is recruited to the plasma membrane and activated by MinD, a Walker A-type cytoskeletal ATPase that dimerizes and cooperatively binds to membranes in the presence of ATP (Szeto et al., 2002) . However, the membrane-localized MinCD complex (MinCD) inherently lacks site specificity, and will distribute homogeneously along the length of the plasma membrane in the absence of an additional species-specific factor that controls MinCD localization (Lutkenhaus, 2007) .
In B. subtilis, MinCD is localized by the protein DivIVA, a largely coiled-coil protein that possesses an N-terminal crossed-loop domain that recognizes and interacts with lipids at negatively curved regions of the plasma membrane (Ramamurthi and Losick, 2009; Oliva et al., 2010) . This curvature is used as a positional cue for DivIVA to localize specifically to cell poles prior to cytokinesis and adjacent to septa during cytokinesis (Eswaramoorthy et al., 2011) . DivIVA recruits MinCD to these sites via MinJ to antagonize FtsZ assembly away from the cell midzone (Rowlett and Margolin, 2013) . In E. coli, DivIVA and MinJ are not present; instead, MinCD is positioned through a dynamic spatiotemporal mechanism mediated by MinE (Raskin and de Boer, 1999) . MinE interacts with membrane-bound MinCD and with the membrane itself, stimulating MinD ATPase activity and causing dissociation of MinCD; upon MinD depletion from the membrane, MinE releases (Hsieh et al., 2010; Loose et al., 2011a; Park et al., 2011; Vecchiarelli et al., 2016) . MinE-stimulated detachment of MinD from the membrane gives rise to an emergent pole-to-pole oscillation of MinD, and MinC is carried as a passenger (Raskin and de Boer, 1999) . This pole-topole dynamic localization produces a time-averaged MinCD gradient in which the MinCD concentration is highest at the poles, antagonizing FtsZ polymerization, and lowest at midcell, enabling Z-ring assembly (Lutkenhaus, 2007) .
Numerous in vivo, in vitro and in silico studies have established that the self-organizing oscillatory capacity of the E. coli MinCDE system relies on: (i) diffusion (Huang et al., 2003) , (ii) ATP hydrolysis and nucleotide exchange (Hu et al., 2002) , (iii) binding of MinD to the plasma membrane and subsequent recruitment of MinE (Hu et al., 2002; Szeto et al., 2002; Mazouni et al., 2004; Park et al., 2011) , (iv) MinE's capacity to displace membrane-bound MinD (Hu et al., 2002; Park et al., 2011) , and importantly (v) the membrane surface that is accessible to MinD and MinE (Kerr et al., 2006; Kruse et al., 2007; Varma et al., 2008; Loose et al., 2008; Juarez and Margolin, 2010; Loose et al., 2011b; Zieske and Schwille, 2014; Hoffmann and Schwarz, 2014; Wu et al., 2015) . Collectively, these studies conclusively illustrate that Min higher-order dynamics exist in E. coli and a variety of artificial contexts, yet the self-organized pattern depends upon geometric features of the system. Despite extensive analysis, however, key questions remain: Do native Min oscillations exist in organisms outside of E. coli? Do Min oscillations occur in organisms that appear to encode homologs of both MinE and DivIVA? Do Min oscillations occur in organisms bearing additional internal membranes? Finally, can in silico models developed for the E. coli Min system predict MinD and MinE oscillation in cells containing additional internal membranes?
To address these questions, we investigated the Min system from the model rod-shaped cyanobacterium Synechococcus elongatus PCC 7942 (hereafter S. elongatus). Despite the importance of cyanobacteria as the base of many ecological systems (Charpy et al., 2012) , their utility in biotechnological applications (Ducat et al., 2011) , and their evolutionary relationship to plant and algal chloroplasts (Gould et al., 2008) , the molecular mechanisms of cyanobacterial division have remained largely unstudied (Cassier-Chauvat and Chauvat, 2014) . Cyanobacteria possess MinC, MinD and MinE, suggestive of an oscillatory Min system, but also possess a DivIVA-like protein called Cdv3 that has been shown to play a role in division-site placement (Miyagishima et al., 2005; Nakanishi et al., 2009; Marbouty et al., 2009) . Further, several cyanobacterial features complicate direct comparisons to traditional prokaryotic division models. Unlike E. coli and B. subtilis, which possess single chromosomes whose replication and segregation are coordinated with Z-ring assembly by nucleoidocclusion proteins (i.e., SlmA in E. coli and Noc in B. subtilis), cyanobacteria possess multiple chromosome copies (Schneider et al., 2007) that are asynchronously replicated (Jain et al., 2012) and lack conserved chromosome segregation mechanisms (Schneider et al., 2007) . Furthermore, Z rings have been observed over the plane occupied by nucleoids in S. elongatus (Miyagishima et al., 2005) and cyanobacteria have no homologs of SlmA or Noc (Cassier-Chauvat and Chauvat, 2014) , suggesting they lack a nucleoid occlusion system. The most significant cellular feature of cyanobacteria is the presence of two distinct membrane systems that are potentially accessible to MinCDE and Cdv3: the plasma membrane and the internal photosynthetic thylakoid membranes. Proteomic analysis indicates FtsZ is associated only with the plasma membrane in cyanobacteria (Liberton et al., 2016) , as in other prokaryotes. However, to date, no studies have addressed whether or how the presence of internal membranes might affect MinCDE dynamics. While recent studies have revealed the presence of gaps that traverse thylakoid layers (Nevo et al., 2007 (Nevo et al., , 2009 , it is unknown whether this membrane property would allow sufficient diffusion of MinCDE across the cell to support oscillatory behavior. Together, these features make cyanobacteria an attractive system for understanding the plasticity of Minsystem dynamics and the evolution of prokaryotic cytokinesis regulation.
Here we show that despite the presence of the additional thylakoid membranes, MinE drives a pole-to-pole oscillation of MinCD that is required for positioning of the Z ring in S. elongatus. We also show that Cdv3 recruits a subpopulation of MinC to the midcell in a MinD-dependent manner, and that this activity influences FtsZ positioning. Finally, consistent with our in vivo results, we demonstrate that reaction-diffusion simulations adapted from a model developed to describe MinDE oscillations in E. coli predicted robust MinD and MinE oscillations in modeled cyanobacterial cells containing a simplified internal thylakoid layer, provided that a minimal level of membrane 'permeability' was modeled into this layer. This report provides the first direct evidence for native oscillatory Min dynamics outside of E. coli, illuminates distinctive division mechanisms in cyanobacteria, and has broader implications for Min-system behavior in bacteria as well as in organelles with internal membrane systems, such as chloroplasts and FtsZbearing mitochondria (Osteryoung and Pyke, 2014; Leger et al., 2015) .
Results

Bioinformatic analysis of S. elongatus min-system homologs
To gain insight into the conservation of Min components in cyanobacteria, we carried out several comparative analyses of S. elongatus Min-system proteins. Alignments showed that S. elongatus MinD is highly conserved with its homologs in other bacteria and chloroplasts. MinE exhibited lower sequence identity with the E. coli and Arabidopsis thaliana proteins, though conservation extended over the length of the protein ( Fig. 1A and Supporting Information Fig. S1 ). MinC proteins in bacteria are generally conserved primarily in a region near their C-termini that mediates MinC dimerization and interaction with MinD (Hu and Lutkenhaus, 2000) , and this region was also conserved in S. elongatus MinC. Unlike in E. coli, where MinC, MinD and MinE are all encoded by the minB operon (De Boer et al., 1989) , genomic analysis showed that S. elongatus minD and minE reside in an operon with a ferredoxin-like gene of unknown function, while minC was located at a distant chromosomal region with its own promoter (Fig. 1B) .
We analyzed S. elongatus Min homologs in greater detail using Phyre2 (Mezulis et al., 2015) to look for important protein features via structural prediction. The results predicted that the Min proteins possessed secondary and tertiary structures that are highly conserved with those in the E. coli MinC, MinD and MinE crystal structures (Fig. 1C-E , left panels). Key domains previously shown to be crucial for Min protein function and dynamics in E. coli were identified in all three predicted S. elongatus structures. For example, MinC was predicted to bear multiple N-terminal alpha helices that function in binding to and depolymerizing FtsZ in E. coli, and C-terminal b-sheets important for homodimerization (Fig. 1C ) (Hu and Lutkenhaus, 2000) . Additionally, MinC possessed several conserved glycine residues critical for MinC function in E. coli, including G161 near the A-surface (G200 in S. elongatus) that's important for homodimerization and G135, G154 and G171 near the B-C surface (G175, G193 and G210 in S. elongatus) that are important for interaction with MinD (Ramirez-Arcos et al., 2004) (Supporting Information Fig. S1A ). MinD possessed a highly conserved N-terminal Walker Atype ATPase domain, Switch I and Switch II domains for binding MinC, and key residues L48, E53, and N222 (L48, E53 and N213 in S. elongatus) important for interaction with MinE (Zhou and Lutkenhaus, 2004; Szeto et al., 2004; Zhou et al., 2005) (Supporting Information Fig. S1B ). Additionally, MinE possessed the key R21 residue (R23 in S. elongatus), which is required for hydrogen bond formation with E53 of MinD, and a highly conserved b1 strand concealed within a contact helix that's inserted at the MinD dimer interface, stabilized as an a-helix and critical for the stimulation of ATPase activity ( Fig. 1E and Supporting Information Fig. S1C ) (Park et al., 2011) . Likewise, both MinD and MinE were predicted to possess the necessary structures for membrane-binding, which included a C-terminal amphipathic helix on MinD (Fig. 1D ) and a N-terminal amphipathic helix on MinE ( Fig. 1E) (Szeto et al., 2002; Park et al., 2011) . The hydrophobic residues of these helices typically mediate transient interactions with the non-polar environment underneath the membrane interface and are sufficient to bind E. coli MinD and MinE to phospholipid membranes in vivo and in vitro (Loose et al., 2011b) , although it is unclear how this domain would grant sufficient specificity to differentiate between the membrane systems of cyanobacteria.
Cyanobacterial min homologs regulate cell size and Z-ring assembly There has been no systematic analysis of Min-system function or dynamics in cyanobacteria. However, analysis of minC, minD and minE knockouts has indicated a role for the Min system in regulating cell division in round cyanobacteria (Mazouni et al., 2004; Marbouty et al., 2009) . Direct comparison of these results to the wealth of information from rod-shaped historical model prokaryotes are complicated by differences in division plane orientation between round and elongated cell types (Cassier-Chauvat and Chauvat, 2014) . Our prior screen for division-related factors in S. elongatus further implicated MinE (Mazouni et al., 2004; Miyagishima et al., 2005) , and MinC overexpression disrupted division in Anabaena sp. strain PCC 7120 (Sakr et al., 2006) . To begin a more comprehensive analysis of the cyanobacterial Min system, we generated minC, minD and minE deletion (D) and overexpression (OE) strains in S. elongatus and analyzed them for defects in cell morphology and FtsZ organization.
In wild-type (WT) cells, cell sizes fell within a narrow range, and Z rings detected by immunofluorescence labelling were always positioned at the midcell ( Fig. 2A,B) . In contrast, DminC strains exhibited a broader distribution of large and small cells with one or more Z rings that were frequently mispositioned near the poles (Fig. 2A,B and Supporting Information Fig. S2A ). MinC-OE strains exhibited a high proportion of elongated cells with Z rings displaced from midcell, but generally not adjacent to cell poles. Many cells contained faint FtsZ spots or rings, suggesting inhibited FtsZ polymerization ( Fig. 2A,B and Supporting Information Fig. S2A ). Likewise, we observed a broad distribution of large and small cells in both S. elongatus DminD and MinD-OE strains ( Fig. 2A) , which was corroborated by observations of mispositioned polar Z rings ( Fig. 2B and Fig. S2A ). These results demonstrate that MinC and MinD function as regulators of both assembly and positioning of the Z ring in S. elongatus, consistent with their roles in E. coli.
Since the cellular architecture of cyanobacteria could potentially interfere with the MinE-driven oscillations that are required to position MinCD in E. coli, we asked whether cyanobacterial minE mutants would display Z-ring assembly and positioning defects. MinE-OE strains were elongated ( Fig. 2A) , but exhibited welldefined Z rings frequently positioned near midcell ( Fig. 2B and Supporting Information Fig. S2A ), a result in conflict with MinE overexpression in E. coli (De Boer et al., 1989) . We were unable to obtain a fully-penetrant A. Percent amino acid identity in pairwise comparisons between S. elongatus MinC (YP_401018.1), MinD (YP_399913.1), MinE (YP_399914.1) and Cdv3 (YP_401023.1) and their homologs in E. coli (Ec) (MinC, NP_415694.1; MinD, NP_415693.1; MinE, NP_415692.1), B. subtilis (Bc) (MinC, NP_390678.1; MinD, NP_390677.1; DivIVA; NP_389425.1) and chloroplasts of Arabidopsis thaliana (At) (MinD, NP_390677.1; MinE, NP_564964.1). B. Operon organization and genomic context of minC, minD and minE in S. elongatus. C, D, E. Predicted structural attributes of S. elongatus MinC, MinD and MinE. Left panels, tertiary structures predicted by Phyre2 (Mezulis et al., 2015) based on the reference crystal structures of the E. coli proteins. Right panels, selected structural features in S. elongatus (Se) MinC (C), MinD (D) and MinE (E) conserved with those in E. coli (Ec) and/or B. subtilis (Bs). Red bars above the alignments show the positions of the indicated a-helices, including membrane targeting sequences (MTS) and MinE contact helix, in the E. coli proteins. Red letter sequences indicate equivalent predicted structures in B. subtilis and S. elongatus homologs. Blue in (E) shows that the b1 sheet within the E. coli MinE contact helix is also predicted in S. elongatus MinE.
deletion of minE across all chromosomal copies, suggesting that deletion of minE is lethal (Supporting Information Fig. S2C ). However, incomplete minE knockout lines were elongated ( Fig. 2A) and possessed a unique, speckled pattern of disorganized FtsZ structures throughout the cell ( Fig. 2B and Supporting Information Fig. S2A ).
MinCD oscillate from pole-to-pole in S. elongatus In E. coli FtsZ assembles at the plasma membrane, which is freely-accessible to the cytosolic pool of oscillating MinCDE molecules (Lutkenhaus, 2007) ; however the influence of cyanobacterial internal membranes on the dynamics of Min proteins is unknown (Fig. 3A) . While perforations or gaps in the thylakoid membrane network could facilitate sufficient diffusion of MinCDE across thylakoid layers (Nevo et al., 2007) to support MinCDE oscillations, thylakoid membranes could also pose a steric barrier that limits MinCDE access to the plasma membrane (Fig. 3B) . To gain insight into how Min dynamics contribute to Z-ring positioning in S. elongatus, we generated N-terminal mNeonGreen (mNG) fusions to both MinC and MinD expressed from a synthetic riboswitch at a genomic neutral site (Supporting Information Fig. S3AB ) (Clerico et al., 2007; Nakahira et al., 2013) . The fluorescent reporter mNG was chosen for its bright, photostable and monomeric properties, as well as its yellow-shifted excitation, highly reducing the autofluorescence generated from photosynthetic pigments in S. elongatus during imaging (Shaner et al., 2013) . Incredibly, time-lapse imaging revealed that both mNG-MinC and mNG-MinD oscillated from pole to pole (Fig. 3C ). However, we were unsuccessful in generating either N-or C-terminal fusions to MinE that were functional in S. elongatus.
We next aimed to verify and characterize Min oscillations in a reporter strain that would mimic endogenous expression levels and minimize off-target expression effects. Modification of MinD or MinE expression can alter the periodicity of oscillations in E. coli (Lutkenhaus, 2007; Tostevin and Howard, 2006) , but MinC is a 'passenger protein' in the MinDE oscillation and is not in a larger operon in S. elongatus (Fig. 1B) . Therefore, we completely replaced the chromosomal minC gene with an mNG-minC reporter fusion expressed from the native promoter at the endogenous chromosomal locus (Supporting Information Fig. S3A ). In these strains, mNGMinC oscillated from pole-to-pole, similarly to our inducible strains ( Fig. 3D ; Supporting Information Movie S1). Furthermore, cell lengths and growth rates were unchanged in the native mNG-minC strain (Fig. 3E,F) , indicating the fusion protein possessed WT functionally. This native MinC reporter oscillated with a periodicity that was approximately 2-33 slower than in equivalently sized E. coli cells. The periodicity increased linearly as a function of increasing cell length during growth ( 20 s for each additional 1 mm of cell length) (Fig. 3G) , and paused at each pole for approximately 30-60 s, a longer residence time than in E. coli (Raskin and de Boer, 1999) . To confirm a role for MinDE in oscillation of MinC, we generated DminD and DminE mutants in this native mNG-MinC reporter line. Consistent with a role for MinD in recruitment of MinC to membranes, mNG-MinC was completely diffuse in DminD cells ( Fig. 3H and Supporting Information Fig S3D) . Conversely, mNG-MinC formed speckled structures in incomplete minE deletion strains ( Fig 3I, Fig S3E) . These results are similar to those in E. coli where knockout of minE is lethal and leads to a formation of MinCD polymer-like structures along the length of the plasma membrane (De Boer et al., 1989; Ghosal et al., 2014) , and are reminiscent FtsZ staining in S. elongatus DminE cells (Fig. 2B ).
In silico min models suggest cyanobacterial requirements for robust oscillations
The observation that MinC and MinD were capable of oscillation in the presence of thylakoid membranes was a surprising result given that Min oscillations are an emergent behavior highly dependent on membrane geometry. Consequently, we wished to determine if the properties of the well-studied E. coli Min system were sufficient to explain our observations of cyanobacterial Min oscillations, or if additional mechanisms could be required in cyanobacteria. We therefore adapted established reaction-diffusion models and parameters developed for E. coli MinDE (Kerr et al., 2006; Hoffmann and Schwarz, 2014) in order to simulate Min dynamics in cells with internal structures representative of cyanobacterial thylakoids. First, as a positive control, we modeled a 3-mm by 1-mm cell (average size of S. elongatus) with our simulation parameters and confirmed pole-to-pole MinDE oscillations (Fig. 4A,B) . The simulation data were visualized by tracking the concentration of membranebound MinD within equally-spaced bins along the length of the modeled cell (Fig. 4C) . We then modeled an additional membrane surface representative of a simplified, single-layer thylakoid membrane positioned 50 nm inside the plasma membrane based on electron micrographs (Fig. 4D ). The permeability of this internal thylakoid membrane to diffusing MinD and MinE particles was then incrementally varied from high (97%) to low (0.04%) across independent runs to simulate varying amounts of thylakoid membrane gaps (Nevo et al., 2007 (Nevo et al., , 2009 ; called 'perforations' by these authors). During simulations, MinDE particles could freely diffuse through the cytosol, and upon encountering the plasma membrane either bind to or reflect from this surface. Upon encountering a thylakoid membrane, MinDE particles could either reflect from, pass through or bind to either side of this surface, with probabilities defined at the beginning of the simulation (Fig. 4E) .
Consistent with our observations of oscillations in vivo, the simulations predicted robust MinDE oscillatory dynamics across a wide range of thylakoid membrane permeabilities (97%-0.7%) when MinDE were only allowed to bind the plasma membrane ( Fig. 5A ; Supporting Information Movies S2-S4). At lower thylakoid membrane permeabilities (< 0.7%), oscillations became unstable and eventually collapsed. However, although A. Kymograph depicting the distribution of MinD along the long axis of simulated cells as a function of simulated time. This control simulation did not model internal membranes (i.e., thylakoids).The concentration of MinD bound to the plasma membrane within each bin along the length of the cell axis is represented by the pixel brightness; where black pixels have no bound MinD and increasing saturation represents increasing MinD concentrations (see 'Materials and Methods: Model'). The window of 800-1200 s is displayed from a representative 1200-s simulation. B. Bar graph of MinD bound to the membrane along the cell axis, averaged across 10 control simulations. Every fourth bin displayed. Timeaveraged MinD residence from the simulations were highest at the poles and lowest at midcell. C. Cartoon illustration depicting the binning (partitioning) of our simulated cells into 100 equal compartments for the quantification of MinD particles over time. D. Non-control simulations also modeled the presence of one (Fig. 5) or three (Fig. 6 ) thylakoid concentric membrane layers positioned 50 nm from one another. E. Cartoon schematic depicting MinD and MinE particle diffusion and interactions with membrane surfaces during simulations. MinD and MinE particles could diffuse through the cytosol, and upon encountering the plasma membrane, either bind (blue circles) or reflect from this surface (red circles). Likewise, upon encountering a thylakoid membrane, MinD and MinE particles could either reflect (red circles), pass through (red circles), or bind either side of this surface (green circles), probabilistically. In simulations containing three thylakoid layers, these rules applied to each layer independently.
The oscillating Min system of cyanobacteria 489 Fig. 4A ) in a simulated cell over time, but with one modeled thylakoid layer that MinD could not bind. Representative kymographs from simulations with varied thylakoid permeabilities (from 97% to 0.04% permeability) are displayed. Simulated time 800-1200 s. B. Time-averaged distribution of plasma membrane-bound MinD particles along the long axis of the cell from the simulations in (A) (n510, for each permeability). Every fourth bin displayed. C. Kymographs as in (A) but from simulations where MinD is permitted to bind with equal affinity to the plasma and thylakoid layer. For each permeability, matched kymographs are shown for the MinD bound to the plasma membrane (blue) as well as MinD bound to the thylakoid (green). In some simulations, similar MinD behaviors are observed on both membranes, while below a threshold of thylakoid membrane permeability ( 0.7%), plasma membrane oscillations are disrupted. Simulated time 800-1200 s. D. Time-averaged distribution of MinD particles bound to membrane from the simulations represented in (C). The time-averaged population of MinD are separated into the plasma membrane-bound (blue) and thylakoid membrane-bound (green) pools (n 5 10, for each permeability). Every fourth bin displayed. E. Average variance in the time-averaged MinD distribution (with or without thylakoid binding) across thylakoid permeabilities in comparison to our reference simulation (97% thylakoid permeability without thylakoid binding). Plotted as a Kullback-Leibler divergence score (error bars too small to display). F. Periodicity of plasma membrane-bound MinD oscillations (with or without thylakoid binding) under varying conditions as in (E). Periodicity increased with decreasing permeability. Light grey indicates 95% confidence interval. A. Kymographs depicting the distribution of plasma membrane-bound MinD (as in Fig. 4A ) in a simulated cell over time, but with three modeled thylakoid layers that MinD could not bind. Representative kymographs from simulations where the thylakoid permeabilities of all three layers was varied equally, from 97% to 0.04%. Simulated time 800-1200 s. B. Time-averaged distribution of plasma membrane-bound MinD particles along the long axis of the cell from the simulations in (A) (n 5 10, for each permeability). Every fourth bin displayed. C. Kymographs as in (A) from simulations where MinD is permitted to bind with equal affinity to the plasma and to each of the three thylakoid layers. For each permeability, matched kymographs are shown for the MinD bound to the plasma membrane (blue) as well as MinD bound to the thylakoid (green). Simulated time 800-1200 s. D. Time-averaged distribution of MinD bound to membrane from the simulations represented in (C). The time-averaged population of MinD are separated into the plasma membrane-bound (blue) and thylakoid membrane-bound (green) pools (n 5 10, for each permeability). Every fourth bin displayed. E. Average variance in the time-averaged MinD distribution (with or without thylakoid binding) across various permeabilities of the three thylakoid layers in comparison to our reference simulation (97% thylakoid permeability without thylakoid binding). Plotted as a Kullback-Leibler divergence score (error bars too small to display). F. Periodicity of plasma membrane-bound MinD oscillations (with or without thylakoid binding) under varying conditions as in (E). Periodicity was influenced more with three thylakoid layers than with a single layer with decreasing permeability. Light grey indicates 95% confidence interval.
The oscillating Min system of cyanobacteria 491 oscillations were largely robust, we observed that the quantity of plasma membrane-bound MinD molecules at cell poles decreased with decreasing thylakoid membrane permeability, resulting in flattening of the timeaveraged concentration of MinD across the simulation (Fig. 5B) . When simulations were performed under conditions where MinD and MinE were permitted to bind both the plasma and thylakoid membrane, simulations surprisingly predicted oscillations occurring simultaneously on both membranes ( Fig. 5C ; Supporting Information Movie S5). A decrease in the plasma membranebound MinD population and increase in thylakoid membrane-association was predicted at permeabilities below approximately 12% (Fig. 5D) , exacerbating the flattening of the time-averaged concentration of MinD at the plasma membrane. As a quantitative method to quantify the flattening of MinDE oscillation across thylakoid membrane permeabilities, we calculated a Kullback-Leibler (KL) divergence score (Kullback and Leibler, 1951) to compare the shape and magnitude of resulting time-averaged MinD distributions to those in our reference simulation (97% thylakoid permeability without thylakoid binding). The degree of flattening of MinD oscillations was reflected in the increasing KLscore as thylakoid membrane permeability was reduced (Fig. 5E ). Although the shape and magnitude of MinDE oscillations were influenced across all thylakoid membrane permeabilities, there was little predicted effect on the period of oscillation when thylakoid membrane permeability was greater than 1% (Fig. 5F ).
While modelling cells with a single thylakoid membrane is a convenient generalization of an internal membrane system, it underrepresents the total thylakoid membrane surface area accessible to MinDE in S. elongatus cells and may therefore underestimate the influence of natural thylakoid networks, which are multilayered and can exhibit complex architecture. Therefore, we repeated the simulations with three modeled thylakoid membrane layers positioned 50 nm from one another (Fig. 4D) , as observed in our electron micrographs of WT S. elongatus (Fig. 3A) . When MinD could only bind the plasma membrane, our simulations predicted similar MinD oscillatory dynamics ( Fig. 6A ; Supporting Information Movie S6) and distributions of plasma membrane-bound MinD molecules across time (Fig. 6B ) as in our single-thylakoid membrane simulations (Figs. 5E and 6E) . However, MinDE oscillations were disrupted across a larger range of thylakoid membrane permeabilities (3%-0.7%) when MinD and MinE were permitted to bind both the plasma and thylakoid membranes ( Fig. 6C ; Supporting Information Movie S7). Additionally, due to the larger surface area of the three thylakoid membrane layers relative to the plasma membrane, simulations predicted an extreme sequestration (> 75%) of MinD away from the plasma membrane (Fig. 6D,E) . These simulations suggest that more complex membrane architectures could substantially reduce the capacity of MinC to preferentially disassemble FtsZ polymers at polar regions of the plasma membrane. These effects are predicted even when the permeability of the thylakoid membrane was modeled at unrealistically high levels that are not physiologically relevant (e.g., 97%: Fig. 6D ). Finally, in contrast with our singlethylakoid membrane simulations, we observed much greater variability in the period of oscillations across the same permeabilities when MinD and MinE could bind the plasma membrane and the three thylakoid membrane layers (Fig. 6F) , suggesting that additional MinDE binding sites within the cell can influence the periodicity of oscillations. Collectively, these results suggest that Min oscillations can be robust in the presence of additional membrane surfaces, provided that thylakoid membrane perforations or gaps provide a sufficient level of permeability to maintain MinDE diffusion. However, these models predict that increasingly complex thylakoid networks will result in sequestration and disruption of MinCD gradients at the plasma membrane if Min factors bind the plasma and thylakoid membranes with equal affinity.
Cdv3 recruits MinC to the Z ring and is necessary for provisioning a functional divisome During our in vivo imaging experiments, we observed that a subpopulation of mNG-MinC did not oscillate, but formed a ring-like structure at midcell (Fig. 7A) ; this midcell localization could not be readily explained from the E. coli model of emergent MinCDE dynamics, nor was it predicted in our in silico models. The pool of mNG-MinC at the midcell was rapidly photobleached during timelapse imaging, and after bleaching the signal did not recover on the same time scales (i.e., minutes) that MinCD were observed to complete an oscillation (Fig. 3C,D) . This suggested that the midcell subpopulation of MinC is not readily recycled and might be localized through an independent mechanism from MinEdriven oscillations. However, the localization of this subpopulation of MinC does resemble that observed in actively dividing B. subtilis cells, where DivIVA recruits MinCD to midcell through MinJ (Eswaramoorthy et al., 2011) .
It has been previously suggested that cyanobacteria possess a DivIVA-like protein called Cdv3, which might also function to position MinCD (Miyagishima et al., 2005; Nakanishi et al., 2009) . However, we found that Cdv3 shares low primary sequence identity with DivIVA of B. subtilis (Fig. 7B) . Furthermore, while divIVA is commonly located downstream of the well-characterized division and cell wall (dcw) cluster in gram-positive bacteria (Fadda et al., 2003) , in S. elongatus, cdv3 does not cluster with cell wall or division genes but instead overlaps with the coding sequence for coaD, a gene important for Coenzyme A synthesis (Fig. 7B) . Structural modelling of B. subtilis DivIVA based on separately crystallized N-and C-terminal domains suggested an extended tetramer consisting predominantly of antiparallel coiled coils (Oliva et al., 2010) . While Cdv3 could not be modeled onto this structure, JPred4 (Drozdetskiy et al., 2015) predicted similar coiled-coil structures spanning the majority of B. subtilis DivIVA and S. elongatus Cdv3. Furthermore, Delta-Blast identified the presence of a shared DivIVA domain in both proteins (Fig. 7C ) and we identified conservation at residues V25 and L29 (V46 and L50 in S. elongatus) (Supporting Information Fig. S1D ) previously demonstrated to be important for DivIVA function in B. subtilis (Oliva et al., 2010) . However, Cdv3 does not have conservation of residues (S16, F17, R18, G19, Y20) reported to be required for sensing and binding of DivIVA to negatively-curved membrane regions ( Fig. 7C and Supporting Information Fig. S1D ) (Oliva et al., 2010) . Additionally, Cdv3 lacked C-terminal peptides required for interaction of DivIVA with MinJ and RacA (Van Baarle et al., 2013), which are not present in cyanobacteria (Supporting Information  Fig. S1D ). Therefore, Cdv3 possesses partial conservation to DivIVA, but it is unclear what function it may serve given the fact that the MinCDE oscillations we observe in vivo and in silico are potentially sufficient to confine FtsZ polymerization to the midcell.
We directly assessed the role of Cdv3 in cell division by generating deletion, overexpression, and reporter lines (Supporting Information Fig. S3C ). We first generated a reporter strain in which the native cdv3 gene was completely replaced with a C-terminal mNG fusion and observed that Cdv3-mNG concentrates to the midzone of the cell in a ring-like structure. This localization is observed prior to other signs of cell constriction and persists throughout cytokinesis (Fig. 7D) . These strains possess wild-type growth rates and cell lengths, suggesting the Cdv3-mNG fusion maintained functionality (Fig. 7E,F) . In contrast, Dcdv3 strains exhibited a highly elongated morphology (Fig. 7G) with FtsZ localization unlike that in DminE and MinE-OE strains; FtsZ was localized in regularly-spaced Z rings throughout the cell (Fig. 7H and Supporting Information Fig. S2A ). Furthermore, overexpression of Cdv3 arrested division and resulted in hyperelongation (Fig. S2B) with FtsZ localizing to irregularly spaced Z rings interspersed with disorganized FtsZ filaments ( Fig. 7H and Supporting Information Fig. S2A ). Taken together, these results indicate that Cdv3 has a function in regulating Z-ring positioning and/or constriction that is not redundant with MinE.
We next asked if Cdv3 or other Min proteins have a role in recruiting the midzone-localized subpopulation of MinC by generating S. elongatus Min mutants in our mNG-MinC fluorescent reporter line. The pool of midcell-localized mNG-MinC was abolished in DminD and Dcdv3 strains, indicative of roles for MinD and Cdv3 in the midcell recruitment of MinC ( Figs. 3H and 7I ; Supporting Information Fig. S3DF ). Although the midcell localization of MinC was disrupted in filamentous Dcdv3 strains, these cells still exhibited oscillatory waves of mNG-MinC ( Fig. 7I ; Supporting Information Figs. S3F and S4A) that resemble previously described patterns in filamentous E. coli cells (Raskin and de Boer, 1999) . Likewise, our simulations predicted robust oscillatory wave patterning (Supporting Information Fig. S4BC ) similar to previously modeled Min patterning in filamentous E. coli cells (Hoffmann and Schwarz, 2014) when S. elongatus was modeled to exhibit the cellular phenotype of Dcdv3 cells. These results suggest that both Cdv3 and MinE spatially regulate Z-ring assembly by providing topology to distinct pools of MinCD in cyanobacteria.
Discussion
In this study, we have shown that the Min system spatially regulates FtsZ assembly in the model cyanobacterium S. elongatus. More specifically, we observe two non-redundant pathways that localize the FtsZ-inhibitor MinC: a MinDE-driven pool that oscillates from pole-topole, and a static Cdv3-and MinD-dependent pool at the midcell. These separate pools resemble the classical MinDE-driven MinC oscillatory pool in E. coli (Raskin and de Boer, 1999 ) and the DivIVA-, MinJ-and MinDdependent midcell pool of MinC in B. subtilis (Eswaramoorthy et al., 2011) respectively. Furthermore, our results indicate that MinCDE self-organizing behavior is robust to the potential diffusion limitations and increased geometric complexity of membranes imposed by cyanobacterial thylakoid membranes. We discuss these findings and mutant phenotypes in light of previous research to highlight similarities and differences between the Min systems in S. elongatus and in the models E. coli and B. subtilis, and expand discussion to the broader implications of our results for Min-system functioning in diverse bacteria and organelles.
Our initial characterization of S. elongatus DminC and DminD strains revealed cellular phenotypes resembling those of the corresponding E. coli mutants: a mixed population of elongated cells and small cells resulting from polar displacement of FtsZ (De Boer et al., 1989) The oscillating Min system of cyanobacteria 493 Fig. 2 and Supporting Information Fig. S2A ). These findings clearly indicate a role for MinCD in preventing Z-ring formation near cell poles in S. elongatus, similar to their roles in E. coli and B. subtilis. However, most of the small cells in our DminC and DminD mutants are probably not strictly equivalent to the anucleate 'minicells' characteristic of the E. coli and B. subtilis mutants because S. elongatus possesses multiple evenly spaced nucleoids that make formation of anculeate cells rare (Jain et al., 2012) . We also observed that most S. elongatus DminC and DminD cells had single Z rings ( Fig. 2 and Supporting Information Fig. S2A ). In B. subtilis, the number of Z rings in minCD mutants was shown to depend on culture conditions; cells grown in minimal medium had mostly single Z rings while those grown in rich medium had 1-4 Z rings (Levin et al., 1998) . Because S. elongatus is photosynthetic, meaningful comparisons to culture conditions used for B. subtilis and E. coli are difficult. Further, where multiple Z rings form in B. subtilis and E. coli min mutants, they only do so at distinct positions between partially or fully segregated nucleoids because of the presence of nucleoid occlusion systems in these organisms (Levin et al., 1998; Yu and Margolin, 1999; Migocki et al., 2002; Bernhardt and de Boer, 2005; Adams et al., 2015; Rowlett and Margolin, 2015; Hajduk et al., 2016) . S. elongatus lacks a conserved nucleoid occlusion system (Miyagishima et al., 2005; Cassier-Chauvat and Chauvat, 2014), suggesting that Z rings might be positioned more randomly in S. elongatus DminC and DminD cells, although future experiments correlating Z-ring assembly and position relative to chromosome localization will be necessary to address this issue.
Cell elongation and Z-ring misplacement were observed in S. elongatus MinC-OE and MinD-OE strains, and morphological disruption of Z-ring formation was only observed in the former (Supporting Information  Fig. S2A ). By contrast, overexpression of minC or minD from strong promoters in E. coli has been reported to disrupt cell division, resulting in cell filamentation (De Boer et al., 1989) . Presumably, increased destabilization of FtsZ polymers occurs in E. coli due to minC or minD overexpression. It is possible that these betweenspecies distinctions may be largely due to differences in induction systems; indeed in related work, we have shown that the phenotypic severity is heavily dependent upon the degree of Min protein induction (Jordan et al., unpublished) .
Consistent with MinE function in E. coli, we found that minE was essential in S. elongatus and could not be fully deleted across all nucleoids. However, incomplete minE knockout lines in S. elongatus were frequently filamentous, similar to E. coli cells lacking MinE (De Boer et al., 1989) , and exhibited speckled FtsZ patterning throughout the cell. The lack of defined Z rings within DminE cells suggests that MinE is a critical regulator of FtsZ assembly in cyanobacteria. S. elongatus MinE-OE strains produced slightly elongated cells with Z rings positioned at or near the midcell. This phenotype differs from that of MinE-OE strains in E. coli, which form minicells (De Boer et al., 1989) ; we speculate this may also relate to the level of overexpression (De Boer et al., 1989; Jordan et al., unpublished) .
In this report, we obtained completely segregated Dcdv3 lines that exhibited filamentous cell morphology with almost evenly spaced Z rings across the length of the cell (Fig. 7H) . These results expand upon a previous report (Miyagishima et al., 2005) , where we showed that incompletely segregated cdv3 mutant lines were elongated and exhibited a reduced density of FtsZ rings (i.e., lower Z-ring number per unit cell length). Interestingly, Cdv3 overexpression inhibited division in S. elongatus and FtsZ localized into irregularly spaced Z rings interspersed with disorganized FtsZ filaments, suggesting Cdv3 has a role in positioning FtsZ. Cdv3 bears weak similarity to DivIVA (Supporting Information Fig. S1D and Fig. 7C ) (Miyagishima et al., 2005) , and cell filamentation in Cdv3-OE strains is in agreement with DivIVA overexpression in B. subtilis. However, Dcdv3 strains do not phenocopy DdivIVA B. subtilis strains, where cell filamentation and minicell formation are observed (Cha and Stewart, 1997) . This may be partly because, unlike in B. subtilis DdivIVA cells, which lack MinE, MinE is still present in S. elongatus Dcdv3 strains where it drives regular, wave-like oscillations of MinCD (Supporting Information Fig. S4A ). This may explain the presence of regularly spaced Z rings in these mutants. Put differently, our results show that both MinE and Cdv3 act to position distinct MinC pools in S. elongatus, partly accounting for phenotypic differences in cellular morphology and FtsZ positioning compared with those of Min mutants in E. coli or B. subtilis.
Consistent with a role in FtsZ positioning, we observed that Cdv3 localized near midcell and was A. A sub-population of mNG-MinC concentrates into a ring-like structure at midcell (white arrows) in addition to oscillating. Scale bar 5 mm. B. Operon structure and genomic context of cdv3 in S. elongatus. Percent primary sequence identity of Cdv3 in comparison to DivIVA of B. subtilis below. Scale bar, 500 bp. C. Secondary structure prediction of B. subtilis DivIVA in comparison to S. elongatus Cdv3. Both proteins are predicted to consist largely of ahelices (red), which comprise the coiled-coil structures spanning the length of DivIVA. Delta-Blast identified a putative partial DivIVA domain in Cdv3. Within the crossed loop region required for DivIVA binding to negatively curved membranes (bottom; green), Cdv3 lacks conservation of key residues and secondary structure features. D. Natively-expressed Cdv3-mNG concentrates into a ring-like structure at midcell in S. elongatus. Scale bar 5 mm. E. Growth curves and F. the distribution of cell sizes in the native mNG-Cdv3 reporter line are comparable to WT. G. The deletion (green) of cdv3 influences the length of S. elongatus cells (n 5 1000). Mean 6 standard deviation represented in parentheses. Cdv3 overexpression not quantified due to extreme filamentation (Fig. S2B) . H. FtsZ (white) localization is altered in Dcdv3 or cdv3 overexpression (OE) lines as visualized by immunofluorescence with a-FtsZ antibodies. Chlorophyll a fluorescence, red; Z rings, yellow arrowheads; FtsZ speckled filaments, blue arrowheads. Scale bars 10 mm. I. Midcell localization of mNG-MinC is lost in the absence of Cdv3. Scale bar 5mm.
The oscillating Min system of cyanobacteria 495 required to recruit a sub-population of MinC to the midcell in a MinD-dependent manner (Figs. 3H and 7A,D) . In recent models in B. subtilis, DivIVA localizes to regions of negative membrane curvature near the middle of constricting cells to form two lateral rings on both sides of the Z ring, where it recruits MinJ and MinCD (Eswaramoorthy et al., 2011) . This pool of MinC in B. subtilis is proposed to confine the Z ring to the midzone by destabilizing lateral FtsZ polymers. In contrast, although Cdv3 retains some features of DivIVA, the residues required to bind MinJ (Van Baarle et al., 2013) are absent, and there is no identifiable homolog of MinJ in S. elongatus. Furthermore, Cdv3 appears to lack the residues required for DivIVA to recognize negative membrane curvature (Oliva et al, 2010) . Therefore, we conclude that Cdv3 is functionally distinct from DivIVA. The mechanism of Cdv3 recruitment to the midzone in S. elongatus is unknown, although it is possible that other factors directly recruit Cdv3 to the midzone. One likely candidate is the protein Ftn2 (also known as ZipN) (Koksharova and Wolk, 2002; Mazouni et al., 2004) which localizes to the divisome, tethers FtsZ polymers to the plasma membrane (Liberton et al., 2016) , and interacts with Cdv3 in Synechocystis sp. 6803 (Marbouty et al., 2009) .
It is tempting to postulate that Cdv3 shares functional similarity to factors characterized in chloroplasts. In chloroplasts, ARC6, the presumed orthologue of cyanobacterial Ftn2, promotes Z-ring assembly and stabilization at least partly by tethering FtsZ to the inner envelope membrane (Vitha et al., 2003; Maple et al., 2005; TerBush et al., 2016) , whereas PARC6, a plantspecific paralogue of ARC6 that is not present in cyanobacteria, is hypothesized to promote remodelling/disassembly of the Z ring by recruiting the FtsZ-assembly inhibitor ARC3, a functional analogue of MinC, to the mid-plastid (Johnson et al., 2015; Zhang et al., 2009a Zhang et al., , b, 2013 Zhang et al., , 2016 . Interestingly, in Arabidopsis thaliana both deletion and overexpression of PARC6 result in enlarged chloroplasts (Zhang et al., 2009a, b; Glynn et al., 2009) , similar to the S. elongatus cdv3 deletion and overexpression strains. Therefore, future research could investigate whether Cdv3 recruitment of MinC to FtsZ in cyanobacteria is functionally similar to PARC6 recruitment of ARC3 to FtsZ in chloroplasts as well as the functional significance of MinC and MinD localization to the division site.
The observation that MinC oscillates from pole-to-pole in S. elongatus is significant, both because it represents the first direct observation of native Min oscillations in an organism outside of E. coli and because the emergent dynamics of MinDE are known to be heavily dependent upon the geometry of membranes to which these factors bind (see 'Introduction' section). Yet, we observed a surprising robustness of self-organizing behavior for MinCDE inside cells with internal membrane structures in vivo and in silico (Figs. 3-6) , and features within our simulations have biological implications for Min system self-organization within cyanobacteria. Most obviously, our simulations suggest that gaps within the cyanobacterial thylakoid network must be large or numerous enough to permit diffusion between the interior of the cell, where minC and MinDE are transcribed, and the plasma membrane, where MinC regulates filament assembly of FtsZ (Figs. 5 and 6 ; Liberton et al., 2016) : The number and size of the perforations described in tomographic studies in S. elongatus (Nevo et al., 2007; Nevo et al., 2009) should be sufficient given our model predictions. Additionally, although our simulations suggested that Min proteins could be oscillating on both the plasma and thylakoid membranes simultaneously (Figs. 5C,D and 6C,D) , the latter pool of Min proteins would be sequestered away from the plasma membrane. Furthermore, our simulations indicate that increasing thylakoid membrane complexity both exacerbates this effect, and can lead to a failure to adequately concentrate MinCD on the plasma membrane at the poles (Fig. 6) . Collectively, our simulations strongly predict that the Min system would be more functionally robust if it possessed an inherent capacity to discriminate between the membrane systems and preferentially bind to the plasma membrane.
What mechanism MinD and/or MinE could utilize to differentiate between the plasma membrane and thylakoid membrane remains speculative. However, in support of our prediction that Min proteins selectively bind the plasma membrane in vivo, proteomic studies in Synechocystis sp. PCC 6803 have identified MinD only in (Zhang et al., 2009a, b) , or highly enriched in (Liberton et al., 2016) plasma membrane fractions, and MinD has not been detected in proteomic analyses of thylakoid membrane fractions (Wang et al., 2000; Srivastava et al., 2005; Zhang et al., 2009a, b) . Since a number of in vivo and in vitro studies have highlighted that MinD homologs preferentially bind anionic phospholipids such as phosphatidylglycerol (PG) (Mileykovskaya et al., 2003; Renner and Weibel, 2012; Vecchiarelli et al., 2014) , it is possible that differences in lipid composition permit differentiation of the two membrane systems in cyanobacteria. Yet, while most bacterial membranes are composed of anionic phospholipids, cyanobacterial membranes are primarily composed of neutral glycerol lipids (Sohlenkamp and Geiger, 2016) ; PG is the sole anionic phospholipid, found as a minor component of the plasma ( 10%) and thylakoid membranes ( 6%) in Synechocystis sp. PCC 6803 (Gombos et al., 1996) . Alternatively, the proton motive force across the plasma membrane has previously been shown to be important for membrane binding of MinD and MinE in E. coli (Strahl and Hamoen, 2010) , although this may not permit membrane discrimination since cyanobacteria establish electrochemical gradients across both membrane systems. It is clear that additional research is warranted to fully elucidate the underlying mechanism.
The periodicity of MinC oscillation we measured in vivo is roughly three-fold slower than that predicted by our simulations or observed in E. coli (Raskin and de Boer, 1999) . However, we emphasize that our simulated and in vivo oscillation periodicities are not directly comparable. This is because simulations were carried out using parameters based on measurements for E. coli MinD and MinE, including MinD ATPase activity, ratio of MinD to MinE, and MinD and MinE membrane-binding affinities, which have not yet been measured in cyanobacteria. Future studies of the cyanobacterial Min system will allow refinement of simulation parameters to better reflect the in vivo properties. Nevertheless, we note that the periodicities of Min proteins in our simulations were largely consistent across varying degrees of thylakoid membrane permeability, except at very low permeabilities when oscillatory patterns begin to collapse (Figs. 5F and 6F). In simulations where MinD is permitted to bind thylakoids, a modest increase in periodicity is observed; however, this cannot fully account for slower in vivo oscillations. Instead, our slower in vivo oscillations may partially result from a two-fold increase in residence time (30-60 s) at cell poles in comparison to residence times in E. coli (10-30 s) (Raskin and de Boer, 1999) , which itself could result from intrinsic differences in biochemical activities of S. elongatus' MinD or MinE.
Our results have broader implications for the organization of Min proteins across multiple cyanobacterial species. First, while S. elongatus cells are rod-shaped, cyanobacteria display morphologies that range from simple unicellular (sphere or rod) to specialized multicellular filaments (Schirrmeister and de Vos, 2013) and possess varied thylakoid membrane architectures. Yet, our modelling suggests that a variety of complex internal membrane geometries will not disrupt emergent Minsystem oscillations so long as gaps in thylakoid layers are numerous enough to facilitate diffusion, especially if a mechanism exists to promote preferential MinD binding to the plasma membrane. Second, cyanobacteria are the only prokaryotes that perform oxygenic photosynthesis and possess a biological circadian clock (Cohen and Golden, 2015) which can gate cell division through an unknown mechanism that leads to FtsZ mislocalization (Mori et al., 1996; Yang et al., 2010; Dong et al., 2010) . Given the FtsZ mislocalization we describe in min mutants, a promising (albeit speculative) hypothesis is that the circadian clock may act through one or more Min components to regulate cell division.
Taken together, our data predict that emergent Min oscillations are robust in cells with internal membranes, but that the Min-system's capacity to relay spatial information in cyanobacteria requires some degree of thylakoid membrane permeability (i.e., gaps in the network) and mechanisms to confer preferential binding to the plasma membrane. In addition to MinCDE, we find that Cdv3, which shares some but not all features with B. subtilis DivIVA, also regulates FtsZ assembly at least in part by recruiting MinC to the midcell in a MinDdependent manner in S. elongatus. Additional research may illuminate the mechanisms of Cdv3 function in cyanobacteria, and the phylogenetically broad distribution of prokaryotic species that possess putative homologs of both MinE and DivIVA. Beyond providing additional mechanistic insight into cyanobacterial division, this work identifies a surprising robustness in the wellstudied Min system that has implications for the functionality of Min proteins in other prokaryotes and endosymbiotic organelles with complex internal membranes.
Experimental procedures
Homolog search
Identification of putative Min homologs in Synechococcus elongatus PCC 7942 was carried out via Basic Local Alignment Search Tool (BlastP) with known Min system factors from Escherichia coli str. K-12 substr. MG1655, Bacillus subtilis subsp. subtilis str. 168 and Arabidopsis thaliana. S. elongatus MinC, MinD, MinE and Cdv3 protein sequences were aligned to predicted homologs of E. coli and/or B. subtilis using MAFFT alignment v7.017 in Geneious v9.0.4 (Blossum62, open gap penalty 5 1.53, offset value 5 0.123) (Supporting Information Fig. S1 ). Secondary structure prediction for MinC/D/E was carried out using Phyre2 (http:// www.sbg.bio.ic.ac.uk/phyre2/), which performs automatic homology modelling using MinC/D/E crystal structures from E. coli. The resulting .pdb file was imported into PyMOL v1.76 to generate figures. Secondary structure prediction for Cdv3 was carried out using JPred4 (http://www.compbio.dundee.ac.uk/jpred/) through the automated Protein Secondary Structure Prediction Server (Jnet). Identification of the DivIVA domain was performed using general DeltaBlast (Domain Enhanced Lookup Time Accelerated Blast) (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Construct designs
All constructs in this study were generated using Gibson Assembly (Gibson et al., 2009 ) from amplified PCR fragments (see primer list; Supporting Information Table S1 ) or synthetized dsDNA. To promote homologous recombination into target genomic loci, constructs contained flanking DNA from 900 to 1500 bp in length upstream and downstream of the targeted insertion site (Supporting Information Fig.  S3A-C) (Clerico et al., 2007) . Deletion constructs for minC
The oscillating Min system of cyanobacteria 497 and cdv3 were designed to fully replace the coding sequence (CDS) with a selectable marker (Supporting Information Fig. S3A-C) . In the case of the minD, minE, knockouts, they are contained in an operon with a Ferredoxin-like protein. Therefore, DminD and DminE strains were generated by synthesizing a gBlock (IDTDNA) that concatenated the operon, thereby removing either the MinD or MinE CDS from the operon, and placing the resistance cassette downstream to minimize operon disruption (Supporting Information Fig. S3A,B) . To increase transformation efficiency, the CDS for minC, minE and minD were codon optimized (Supporting Information Fig. S3AB ). Generation of MinC/D/E & Cdv3 overproduction strains, as well as RS::mNG-MinC and RS::mNG-MinD fluorescent strains, was performed by insertion of the relevant constructs into a previously described vector (Nakahira et al., 2013) which expresses inserts from the P trc promoter and appends a theophyllineresponsive riboswitch element at the 5 0 end of the inserted gene for tunable translational control (Supporting Information Fig. S3A,B) . Native tagging of Cdv3 and MinC with mNeonGreen (mNG) was accomplished by targeting mNG into the native genomic locus by genetic recombination (Clerico et al., 2007) . Integration for deletion constructs was verified by PCR (Supporting Information Fig. S2C ). Special attention was given to the insertion of the selectable marker so as to minimize possible off-target effects in gene expression from readthrough transcription off of the resistance marker's promoter (Supporting Information Fig. S3A-C) .
Culture conditions and transformations
All cultures of S. elongatus were grown in 125 mL baffled flasks (Corning) containing 50 ml BG-11 medium (SIGMA) buffered with 1 g L 21 HEPES, pH 8.3. Flasks were cultured in a Multitron II (atrbiotech.com) incubation system with settings: 80 mmol m 22 s 21 light intensity, 32˚C, 2% CO 2 , shaking at 130 RPM unless otherwise stated. Cloning of plasmids was performed in E. coli DH5a chemically competent cells (Invitrogen). All cyanobacterial transformations were performed as previously described (Clerico et al., 2007) . Cells were plated on BG-11 agar with either 12.5 mg ml 2 1 kanamycin (overexpression, native and riboswitch strains) or 25 mg ml 21 spectinomycin (deletion strains). Single colonies were picked into 96-well plates containing 300 ml of BG-11 with identical antibiotic concentrations and cultures were verified for complete gene replacement via PCR. Antibiotic supplementation was removed after complete gene replacement or knockout was verified. Complete gene replacements were obtained for minC, minD and cdv3. Lines with a complete minE replacement were not obtained, suggesting this was a lethal mutation. Instead, we observed mixed phenotypes in DminE, with both elongated cells and a subpopulation of smaller cells that were near wild type in length (Supporting Information Fig. S3E) . Consequently, DminE cell lengths are likely underestimates. Oscillations of mNG-MinC were not observed in elongated DminE cells, but were present in the smaller cells that were more wildtype in length, suggesting smaller cells in the population may retain residual MinE levels (Supporting Information  Fig. S3E ).
Immunofluorescence staining of FtsZ in deletion and overexpression strains
MinCDE and Cdv3 overexpression strains were inoculated into flasks containing 50 ml BG-11 1 2 mM theophylline and allowed to incubate 72 hours before fixation, backdiluting with BG-11 1 2 mM theophylline to OD 750 5 0.2 whenever cultures reached OD 750 0.7 to prevent artefacts in cell morphology due to self-shading. Extreme filamentation was observed in Cdv3 overexpression strains induced for greater than 5 days (Extended View Fig. 2B ). Two mL of cells were fixed with 500 ml of 2.5% glutaraldehyde/2.5% formaldehyde in 0.1M sodium cacodylate buffer (pH 7.4) (Electron Microscopy Sciences) for 30 minutes at room temperature and washed with PBS 1 0.01% Tween-20. After treatment with 0.05% Triton X-100 and 0.01% Tween-20 in PBS for 15 min, the cells were permeabilized for 30 min at 37˚C with 20 mg ml 21 lysozyme dissolved in Tris-HCl, pH 7.5, 10 mM EDTA, washed, then blocked with 5% bovine serum albumin (Sigma-Aldrich) in PBS (blocking buffer) for 1 hour. Cells were incubated overnight at 4˚C with anti-Anabaena FtsZ antibodies (Agrisera Antibodies) diluted 1:250 in blocking buffer. Secondary staining was conducted with 1:1000 goat anti-rabbit IgG Alexa Fluor 488 (Life Technologies) in blocking buffer.
Fluorescence microscopy
All live-cell microscopy was performed using exponentially growing cells. Images were captured using a Zeiss Axio Observer A1 microscope (1003, 1.46NA) with an Axiocam ICc5 camera. Cell length measurements for all deletion, overexpression and native fluorescently tagged strains were performed with live cells using manual tools in Zeiss Zen software. To induce translation of RS::mNG-MinC cells were incubated for 30 min with 100 mM theophylline before imaging. To induce translation of RS::mNG-MinD cells were incubated in 2 mM theophylline for 2 h. Lower induction and incubation time was required for RS::mNGMinC imaging of oscillation; increased induction could result in relatively diffuse mNG-MinC signals, presumably due to over-saturation of MinD binding sites. Two mL of culture was spun down at 5000g for 30 s and mounted on glass slides containing a square 2% agarose 1 BG-11 pad. For imaging of oscillations, images were captured every 30 s, except for measurements of oscillation periodicity (Fig. 2f) , where images were captured every 10 s. For measurement of residence time, the timeframe was from initial signal detection at a pole until complete depletion of signal at this pole. For measurement of periodicity, the timeframe was from initiation of signal depletion at a pole until the signal was completely restored at that same pole following a full oscillation.
Transmission electron microscopy
A wild-type culture of S. elongatus was grown to OD 750 5 0.7 in BG-11. Cells were pelleted and fixed for 30 min with 2.5% formaldehyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), suspended in 2% agarose and cut into 1 mm cubes. Following three washes with 0.1 M sodium cacodylate buffer, cells were suspended in 1% osmium tetroxide/1.5% potassium ferrocyanide, microwaved in a MS-9000 Laboratory Microwave Oven (Electron Microscopy Science) for 3 min, and washed three times with HPLC-quality H 2 O. Cells were then suspended in 1% uranyl acetate and microwaved for 2 min, decanted, and washed three times with HPLC-quality H 2 O. Cells were dehydrated in increasing acetone series (2 min at 25˚C) and then embedded in Spurr's resin (25% increments for 10 min each at 25˚C). Thin sections of approximately 70 nm were obtained using an MYX ultramicrotome (RMC Products), postfixed with 6% uranyl acetate and Reynolds lead citrate, and visualized on a JEM 100CX II transmission electron microscope (JEOL) equipped with an Orius SC200-830 CCD camera (Gatan).
Model -simulation parameters
For our study we used an elaboration of a previous model developed to simulate stochastic particle-based MinD and MinE self-organizing behavior (Kerr et al., 2006; Hoffmann and Schwarz, 2014 
Model -simulation
Simulations were processed with Smoldyn 2.38, which is a stochastic particle-based reaction-diffusion simulation framework allowing user-defined geometries and reactions (http://www.smoldyn.org) (Andrews et al., 2010) . The parameter values are grounded in previously published parameters (Hoffmann and Schwarz, 2014) . Simulations were conducted within a modeled 3D cylindrical cell with flat end caps at both poles. The numbers of MinD and MinE molecules in the simulation were scaled volumetrically in relation to established parameters for E. coli simulations (Kerr et al., 2006) to account for the increased cell volume of the simulated cell (i.e., 3 mm by 1 mm), yielding starting values of 1321 MinD ADP , 1321 MinD ATP and 687 MinE particles. This scaling was to ensure the densities of MinD and MinE were comparable to those in earlier simulations, while maintaining similar ratios. The entirety of the plasma membrane surface facing the interior of the modeled cell is a bindable surface for MinD, including the caps. For all experimental model conditions where a 'thylakoid membrane' was included, it was simulated either as a single cylinder inside the cell leaving 0.050 mm between thylakoid and plasma membrane (Figs. 4d and 5) or three concentric cylinders inside the cell each 0.050 mm further in than the previous membrane (Figs. 4D and 6 ). We chose 0.050 mm as our modeled distance between the plasma membrane and the thylakoids or between concentric thylakoid membranes by comparison to the average distance measured from our transmission electron micrographs of wild-type S. elongatus cells. Under simulation conditions where MinD was permitted to bind to both the thylakoid and plasma membrane, MinD's affinity for both membranes was equivalent (i.e., k dD ) and binding was allowed on either side of each thylakoid layer. At the start of each simulation, the particles were distributed randomly within the cell body irrespective of thylakoid membranes. Each simulation was run for 1200 s on the Michigan State University High-Performance Computing Cluster (icer.msu.edu). For the data shown we used a time step of 10 23 seconds, 10-fold higher than previously used (Hoffmann and Schwarz, 2014) , however no significant difference between simulations run with a time step of 10 23 or 10 24 was observed (data not shown). The simulated cell was divided into 100 equal bins along the major axis (Fig.  4C) , and time-average molecular densities in each bin over 100 steps were recorded. Each single time step in these data represents a histogram of plasma membrane-bound MinD distribution along the major axis of the cell. These data are visually represented as kymographs and were analyzed to detect the oscillation periodicity (see below). Probabilistic variation was reduced by analysing 10 replicates for each condition (not technical replicates). Assessment of the effects of altering thylakoid permeability on simulation dynamics is sampled on a logarithmic scale because little variation in system response is observed at permeabilities 10%. 
Model -oscillation measurement
Our model outputs data on the plasma membrane-bound MinD concentration along the major axis of the cell as a function of simulation time. To objectively quantify the differences in oscillation periodicity and subjective 'quality' that were observed, we needed an automated computational solution. The previously-published method for measuring oscillations with a 'q-score' (Hoffmann and Schwarz, 2014) , gives a high rate of false-negative oscillation detection that biased the final q-score, partially because of our relatively uniform results throughout the simulation time. We therefore designed a simpler, more robust method of automatic oscillation detection which was validated by visual measurement for a variety of conditions. The algorithm for periodicity analysis begins with using a single time series distribution of MinD from an end bin at one of the poles. A Hanning smoothing function of window length 25 is iteratively applied 200 times to the data, which reduces noise and creates very easily identifiable peaks and valleys. Finally, all extrema (both peaks and valleys) are identified by linearly traversing the time series and using comparisons to recent neighboring values. The average time delay between peaks is calculated and the units of measure are scaled back up to the original timescale. This average time delay is the periodicity of the sample and we have visually validated this measure for a variety of experimental conditions representative of our work. However, the algorithm will still attempt to call oscillations even when the data qualitatively do not resemble a reference oscillation, and therefore a more useful indicator of instability is in the increasing standard deviation from the average at lower permeabilities. For this reason, the more unstable oscillations at lower permeabilities appear faster because they do in fact have faster shifts of concentrations on a moment by moment basis.
Additionally, we compared the time-averaged histogram of MinD distribution from seconds 400-1200 of the simulation to quantify dissimilarity in the distribution of MinD along the length of the cell. To accomplish this, we used the Kullback-Leibler Divergence (D KL ) of two discrete distributions:
The divergence score is a measure of the information loss (in bits or base 2 ) required to fit our reference model a i (97% permeable without thylakoid binding) of the time-averaged distributions of plasma membrane-bound MinD to the distribution observed in a given simulation condition (b i ). This measure is a more appropriate evaluation than a standard Earth Mover's Distance or Wasserstein metric because the distributions being analyzed in our study often differ in total magnitude from the reference sample (i.e., equivalent simulations run with 97% thylakoid permeability). The D KL divergence incorporates this difference into the measure.
